Electronic properties of III-nitride semiconductors: A first-principles investigation using the Tran-Blaha modified Becke-Johnson potential
I. INTRODUCTION
Over the last decade, the III-nitride semiconductors has emerged as the focus of investigations in many research groups worldwide. The large interest originates from their successful applications in the fields of light-emitting diodes, laser diodes, and high-electron-mobility transistors. [1] [2] [3] The reasons for these successful applications are their characteristics such as high temperature stability, very short bond lengths, low compressibility, and high thermal conductivity. 4 A comprehensive study of the electronic properties of IIInitrides became of utmost importance and it has helped to consolidate their wide range of possible commercial optoelectronic applications.
In ambient conditions, III-nitrides display a wurtzite (wz) crystal structure 5, 6 corresponding to P6 3 mc space group. However, these compounds can also crystallize in a zinc-blende (zb) cubic structure or NaCl-like rocksalt (rs) structure depending on the growth conditions. 4 Currently, the most used theoretical method to study structural and electronic properties of semiconductors is the conventional density functional theory (DFT) using a local or semi-local exchange and correlation functional. It is well known that due to self interaction errors the conventional ground-state Kohn-Sham orbitals are not able to describe satisfactorily some electronic properties. The energy band gaps, for instance, are often too small compared to experimental measurements. Considering that some properties such as energy band gap and effective mass are prerequisites to model electronic devices, it becomes of utmost importance the application of other theoretical methods to find a better description of electronic properties of III-nitride semiconductors.
In this work, we have investigated the electronic structure of AlN, GaN, and InN in both wurtzite (wz) and zinc-blend (zb) crystal structures. We carried out DFT-based calculations considering the generalized gradient approximation (GGA) to treat the exchange and correlation term in the Kohn-Sham Hamiltonian. Together with the GGA functional, we have also used a very effective approach to solve the energy band gap problem suggested by Tran and Blaha. 7, 8 In this method, the exchange term is treated by the Tran-Blaha modified Becke-Johnson (TB-mBJ) potential and the correlation term is treated within the local or semilocal density approximation in such a way that accurate energy band gaps are predicted. In our calculations, spinorbit coupling (SOC) effects are included self-consistently to evaluate the band structures of the III-nitrides. It is of great importance to take SOC effects into account because the hole effective masses are strongly dependent on this interaction even when considering the lighter material in this group which is AlN.
Our results for the energy band gap of III-nitrides calculated using the TB-mBJ potential are systematically higher than those obtained using the GGA functional. Additionally, it was found a total discrepancy between band gaps predicted by the TB-mBJ calculations and experimental value of 10% which is much better than the 30% average error found with the GGA functional. Therefore, the TB-mBJ scheme shows an equilibrium between accuracy and the computational time cost which is important for large systems. Furthermore, the TB-mBJ method reveals fairly accurate results for the effective mass of the III-nitrides. This paper will be organized as follows: In Sec. II, we present the theoretical background and the computational details along with the computational parameters used in the calculations. The band structure of AlN, GaN, and InN considering the wurtzite and zinc-blende structures are presented in Sec. III. The effective hole and electron masses are discussed in Sec. IV. Finally, we conclude with a brief summary of the reported results provided by our ab initio investigations in Sec. V. 
II. COMPUTATIONAL DETAILS
In this work, all calculations were performed using the experimental lattice parameters summarized in Table I . We have performed DFT-based ab initio calculations within the full potential linearized augmented plane wave (FP-LAPW) method as implemented in Wien2k code. 9 The exchange and correlation effects were taken into account by using the GGA functional of Perdew, Burke, and Ernzerhof (PBE). 10 Since PBE 11 underestimates band gaps, we have also treated the exchange and correlation effects self-consistently by using the Tran-Blaha modified Becke-Johnson (TB-mBJ) potential. 7, 8 This method is a modified version of the BeckeJohnson potential 12 used to improve band gaps obtained by the conventional DFT-based methods. The TB-mBJ potential can be written as
where q r is the electron density, s r is the kinetic-energy and v BR x;r is the Becke and Roussel potential. 13 The c parameter value showed in Eq. (1) is computed with
where V cell means the unit cell volume, a ¼ -0.012 and b ¼ 1.023 borh 1=2 are parameters fitted according to experimental values. 8 It is important to point out that TB-mBJ is a potential-only functional, i.e., there is no corresponding TB-mBJ exchange-correlation energy. This fact therefore leads to the impossibility of using TB-mBJ to compute Hellmann-Feynman forces and to compare total energies. For the energy which separates valence and core states we used À6 Ry. We also used a sampling of about 1000 k-points in the irreducible Brillouin zone (IBZ) for both crystal structures. The number of plane waves is determined by the product R MT K max , where K max is the largest reciprocal vector used in the LAPW basis set and R MT is the muffin-tin radius of atomic spheres. In our calculations, we set R MT K max ¼ 7 which can be considered a good value for these compounds.
III. BAND STRUCTURES AND FUNDAMENTAL BAND GAPS
The electronic band structures of AlN, GaN, and InN calculated using the experimental lattice constants for both zinc-blende (zb) and wurtzite (wz) crystal structures using PBE and TB-mBJ methods are shown in Fig. 1 . We have chosen to locate the Fermi level at 0 eV and coinciding with the valence band top. It is observed in Fig. 1 that the band dispersions for all compounds look very similar concerning to the method used to treat the exchange and correlation term. The main difference between PBE and TB-mBJ results is a shift factor which increase the energy band gap value systematically in the TB-mBJ calculations. As expected, in the PBE calculations, the valence band maximum appears in the Brillouin zone center at the C-point for all electronic band structures. Regarding the conduction band minimum, however, one can notice that the zb-AlN reveals an indirect band gap with the minimum of the conduction band located at the X point. For all other compounds a direct band gap was observed. By looking at Fig. 1 , it is possible to verify that TB-mBJ method correctly describes the electronic structure of III-nitrides and it reproduces the behavior found in PBE calculations.
The fundamental energy band gap of AlN, GaN, and InN in zb and wz structures are summarized in Table II . The well known underestimation of its value by the PBE approach is confirmed. We observe a difference of the calculated band gap value within the PBE functional and the experimental value of around 30%. For the TB-mBJ calculations, it shows an average discrepancy comparing with the experimental value of about 10%. Another important point to be emphasized here is that the energy band gap values are reducing along the row AlN, GaN, and InN for both crystal structures independently of the method used to calculate them. One reason to explain this fact is that 5s orbital in indium and 4s orbital in gallium are lower in energy than 3s orbital in AlN, for instance, causing an easy transition of the electrons from the valence band to the conduction band. The existing p -d hybridization in GaN and InN also plays an important contribution to decrease the band gap and, moreover, this effect causes a strong p -d repulsion at C point which is not present for AlN leading the zb-AlN to an indirect band gap semiconductor with a conduction band minimum situated at the X point. 5 As discussed above and also by analyzing Table II, one can observe that the TB-mBJ approach has systematically improved the value of the energy band gap obtained by the PBE scheme. This is a result of the addition of a new potential in the Kohn-Sham Hamiltonian. 8 The calculated gap for the wz-AlN, for instance, changes from 4.21 eV in the PBE approach to 5.77 eV in the TB-mBJ approach which is much closer to the experimental value of 6.28 eV. The most interesting result of this part of our investigation is the calculation of the energy gap for indium nitride. It is already known that conventional functionals such as PBE predict incorrect results for both zb-and wz-InN. Experimental results indicate that InN is a semiconductor with energy band gap of 0.7 eV for the wurtzite structure and 0.61 eV for the zinc-blend structure. However, most part of the conventional functionals such as PBE, for instance, predict InN as a metal instead of a semiconductor material forcing one to use more accurate methods such as the computational time expansive GW method to model it. The TB-mBJ appears here as possible alternative to correctly model the energy band gap of InN giving results very close to the experimental ones as showed in Table II at the same computational time cost as the conventional DFT methods. Comparing the band gaps for the IIInitrides calculated using the TB-mBJ with the experimental values we found an average discrepancy of around 10% which is better than the discrepancy obtained using PBE.
IV. EFFECTIVE MASSES
The effective electronic and hole masses are fundamental quantities of the semiconductors, being used in numerous experimental analysis as well as theoretical models. 6 Here, we have calculated the effective masses numerically by fitting the FP-LAPWþSOC band extremes around the C point to parabolas. A large number of k-points through the high symmetric directions in the reciprocal space was employed and only the nearest ones to the C point were taken into account to determine the effective masses. In that sense, we are neglecting non-parabolic effects which could lead to greater values of the masses. 5 Table III summarizes the results for the III-nitrides in the zinc-blende crystal structure using PBE and TB-mBJ methods. Effective masses were evaluated along the directions [1 0 0], [1 1 0] and [1 1 1] in the zb structure. For symmetry reasons in zinc-blende structures, the electronic masses are identical along these directions. Regarding to the wz polymorphs the band anisotropy is influenced by the lower crystal symmetry. 5 The curvatures of the bands along the C À M and C À K directions are nearly the same, while for the C À A direction the dispersion becomes different. Table IV shows the results of the effective masses for III-nitrides considering wurtzite crystal structure calculated using the PBE and TB-mBJ schemes.
A. Electron mass in zb polymorphs
As mentioned before, the only system which presents an indirect band gap is the zb-AlN with conduction-band minimum at the X-point. It implies that the electron mass-tensor can be represented by its longitudinal and transverse components (m ek and m e? ). For the zb-GaN and zb-InN the electron mass is composed just by a single value m e . The values of m ek ¼ 0.53 m 0 and m e? ¼ 0.32 m 0 for the zb-AlN calculated in this work using PBE approach show good agreement with the reported in Ref. 5 . However, their values calculated using TB-mBJ method which are presented in Table III increase about a factor of 12% for the zb-AlN and 25% for the zb-GaN in comparison with the PBE values. When comparing the experimental result of the electron mass of the zb-GaN with the calculated one it is noticed that the PBE gives a closer value to the measured. Nevertheless, even considering the overestimation of the TB-mBJ method, the numbers given in Table II confirm the extremely small electron mass of InN observed in experiments. Furthermore, the fact that the TB-mBJ correctly describes the electronic structure of InN allow us to predict its electronic mass using a method that is comparable to PBE in computational cost. Another important feature that turns out to be well described by the TB-mBJ calculations is that the value of electron mass are decreasing along the row AlN, GaN, and InN as it is observed in Ref. 5 .
B. Electron mass in wz polymorphs
The calculated effective electron masses along the C À A and C À M directions to the wz-nitrides are presented in Table IV . The lower crystal symmetry of the wz structure influences its band anisotropy. 5 Therefore, the curvature of the bands considering the C À M and C À K directions are nearly the same, while the C À A shows a quite different dispersion. The results for the electron masses found here are also in good agreement with the measured values.
Comparing it with the experimental one for the electron mass in the C À M direction for GaN, for example, it is observed an overestimation of around 9% to the PBE functional and 25% to the TB-mBJ method. However, when we analyze the electronic mass of AlN we noticed that both PBE and TB-mBJ show results in the range of the measured value. Another important feature observed in the theoretical calculations is the low value of the electron mass for InN. The difference of the experimental and calculated electron mass in InN is around 20% for TB-mBJ. Such discrepancy, or even bigger, between the calculated and experimental values of the electron mass in InN is also reported by other theoretical works. For instance, Ref. 26 reports an electronic mass for InN in the wz as high as 0.14 m 0 which is 100% TABLE III. Calculated effective masses (in units of the free-electron mass, m 0 ) for III-nitrides using the PBE and TB-mBJ methods for the zb structure. For AlN electron mass case we have included here only the perpendicular effective mass (m e? ). The experimental (Exp) value is also included. greater than the measured value. Following the same rule of the zb polymorphs one can notice a decreasing of the electron masses along the row wz-AlN, wz-GaN, and wz-InN. In general, the electron masses reported in Ref. 5 by using a hybrid functional for these compounds reveals more accurate values. However, such method is really computational time expansive in a way that prevents its usage to model the electronic properties of larger systems.
C. Hole mass in zb polymorphs
The calculated effective hole masses of the upmost valence bands for the zb polymorphs are also summarized in Table III . The results calculated using the TB-mBJ method are slightly increased when one compare their values with the results obtained by the PBE functional. However, even considering the greater value of the effective hole mass with the TB-mBJ method the results match relatively well with the values observed in previous works. 5, 6, 22, 23 The overestimation of the effective masses using the TB-mBJ scheme can partly be due to the narrowing of the band widths and we indeed observe that it shows a tendency to localize the valence bands compared to the corresponding PBE results. Additionally, this overestimation can also be a result of the incorrect description of the coupling element between anionp and cation-s states. 30 The interaction between these states is mainly determined by the hopping integral between the anion p states and the cation s states which is a two center integral. Considering that the TB-mBJ is a pure semilocal potential, it will only act on the one center terms which is responsible for the energy separation between anion-p and cation-s states leading to a overestimation of the effective masses. The only real problem observed to the effective masses in these calculations with the TB-mBJ potential is relative to the light-hole (lh) in the zb-InN. One can notice in Table III that the results are several times higher than the reported in Refs. 18 and 23. We suspect that this problem is related with the incorrect ordering of the C 1c and C 15v levels produced by the PBE calculations 31 and that is not being corrected with the employment of the TB-mBJ framework.
D. Hole mass in wz polymorphs
The calculated effective hole masses of the three upmost valence bands for the wz polymorphs are also summarized in Table IV . We can observe that the results considering the TB-mBJ potential to the effective hole masses do not present a systematic behavior as in the zb case in which the TB-mBJ overestimates the effective mass results reported with other methods. By analyzing the wz-AlN, for instance, we are able to notice a good agreement with the values reported in Refs. 5, 22 and the ones obtained by the TB-mBJ scheme. In the case of wz-GaN, the TB-mBJ scheme shows closer results for the heavy-hole (hh) mass than the PBE approach when we compare it with the experimental values. However, the effective mass of the light-hole (lh) depends on the direction considered as one can see in Table IV . This fact clearly explicit that there not exist a systematic trend for the effective mass in wz nitrides using TB-mBJ. In general we could notice that the hole masses are decreasing in the row wzAlN, wz-GaN, and wz-InN. The value of the hh mass in InN is in good agreement if compared with the showed value in Ref. 5 , but it reveals a discrepancy when one compares it with the result from Ref. 22 . Such difference might be due to TABLE IV. Calculated effective masses (in units of the free-electron mass, m 0 ) for III-nitrides using the PBE and TB-mBJ methods for the wz structure. The masses are evaluated along the C À A, C À M, and C À K directions in the BZ. The experimental (Exp) value is also included here. the accuracy of the band structures and the inclusion of the SOC effects in these calculations. As a whole, the displayed results to the TB-mBJ effective mass in the wz structure for the III-nitrides are slightly close to the reported ones in Ref. 5 which uses a hybrid functional to treat the exchange and correlation term. The advantage of the TB-mBJ scheme is its lower computational time cost in comparison with hybrid functional calculations. Another important point to remember, specially in the calculation of lh effective mass, is that the choice of the k-points region plays a key role to the effective mass due to the non-parabolicity behavior of the band.
V. CONCLUSION
In this paper, we have investigated electronic properties of III-nitride semiconductors by using density functional theory including semilocal exchange and correlations effects through the use of the TB-mBJ method. The band structures, energy gaps, and effective masses near the fundamental band extremes of AlN, GaN, and InN for both zinc-blende and wurtzite crystal structures are calculated. We observe that the inclusion of semilocal exchange and correlation effects systematically increases the energy band gaps of these materials when compared with the results obtained using PBE. The experimental and theoretical energy band gaps present an average discrepancy of about 10% and 30% calculated using the TB-mBJ and PBE methods, respectively. It is important to point out that the TB-mBJ calculations give more accurate energy band gap for these compounds than PBE at the same computational time cost. Regarding the effective masses, we have observed that the TB-mBJ method systematically overestimates their values to zb nitrides when comparing them with the PBE calculations while for wz no systematic trend is observed for these materials. As a whole the PBE functional presents better effective masses than the TB-mBJ method. Finally, new results for the band gap and effective masses for zb-InN and wz-InN were derived.
